Fabrication routes to realising '3D' detectors in gallium arsenide (GaAs) have been investigated and their electrical characteristics measured. The geometry of the detector is hexagonal with a central anode surrounded by six cathode contacts. This geometry gives a uniform electric field with the maximum drift and depletion distance set by electrode spacings rather than detector thickness. The advantages of this structure include short collection distances, fast collection times and low depletion voltages depending on the electrode diameter and pitch chosen. These characteristics are fundamental for the application of 3D detectors in, for example, medical imaging and protein crystallography.
Introduction
The study and quest for new semiconductor detectors have become very active in recent years. Silicon is the most widely used material in particle detection but, due to its low absorption efficiency at photon energies above 10keV, it has limited application in high energy x-ray detection. Materials with greater absorption coefficients, such as GaAs and CdZnTe, have been investigated [1] for this application. Detectors produced in GaAs suffer from incomplete charge collection resulting from imperfections in the crystal structure. This reduces the mean free drift path of the charge carriers in these materials and limits the thickness of the sensitive region. Additionally, problems with the growth of GaAs have led to high effective carrier concentrations and so increased operating voltages. This implies thin detection layers and, in some cases, the presence of an undepleted layer. To avoid these types of limitations, a new detector architecture has been proposed [2] . A three-dimensional array of electrodes that penetrate into the detector bulk makes up the so called 3D detectors, as shown in figure 1 . The aim is to set the maximum drift (x) and depletion distance (W) by the electrode spacing rather than by the detector thickness as in the more conventional planar technology. The advantages of this structure include collection distances and collection times reduced by over one order of magnitude compared to standard planar pixel and microstrip detectors, and depletion voltages up to two orders of magnitude lower. The main applications of these detectors are medical imaging and precision tracking measurements.
Detector fabrication
To create a 3D detector an array of holes must be formed through the substrate. The technique used to create high aspect ratio holes (depth to diameter ratio) in semiconductor material here was laser drilling. The main advantages of using a laser is that it is independent of the material drilled (e.g. silicon, gallium arsenide, silicon carbide and CdZnTe) and it is the best technique available currently for GaAs.
The drilling operation was carried out at Strathclyde University using a Ti:Sapphire femtosecond laser [3] . This system can provide 3mJ laser pulses of 40fs duration at a pulse repetition rate of 1kHz. The ultrashort pulses ablate material via the rapid creation of a plasma that absorbs the incident energy, resulting in direct vaporisation from the target surface. This produces negligible collateral heating and shock-wave damage. Holes obtained in GaAs using this technique [4] are shown in figure 2. A layer of photoresist was spun on the surface of the samples which were then placed in a vacuum chamber to prevent the laser from ionising the air around the area it hits. Tests have shown that the photoresist protects the surface of the sample from debris ejected during laser ablation. The samples were mounted on a x-y stage controlled by Alternative methods for creating the holes in gallium arsenide and silicon, such as dry etching and electrochemical etching, are under investigation [5] but not reported here.
Electrode formation
After creating the array of holes in the substrate, electrodes must be formed within the holes. This was done by evaporating a layer of metal inside the holes in order to form Schottky contacts. Before metal deposition, the silicon sample was de-oxidised for 30s in a 1:4 solution of hydrofluoric acid (HF) and water. This removed any oxide that had grown on the internal walls since the etching process. The metal deposition was carried out using a Plassys MEB 450 Electron Beam Evaporator. A layer of 33nm of Ti, 33nm of Pd and 150nm of Au [6] was evaporated inside the hole forming Schottky contacts. The uniform distribution of the three metals within the hole was verified by using a scanning electron microscope (SEM). In figure 2 .d is shown the layer of metal (brighter colour) on the sidewall of a hole. Previous tests done in silicon showed that the full amount of metal was deposited at the bottom of a 130µm hole while only about one third of the metal was deposited on the sidewall. In order to confirm that the evaporated gold was deposited all around the wall, these holes were filled by electroplating gold inside them (a previous layer of gold being necessary to start the growth). The sample was then cut and a cross section was successfully checked with a SEM. To connect the electrodes to the electronics, a circuit was printed on the surface 
of the sample by evaporating a layer of 150nm of aluminium on the oxide layer (about 400nm) present on the surface. This is shown in figure 3 .
Electrical measurements
Electrical characteristics of a single cell of a 3D detector structure were measured. Experimental current-voltage and x-ray spectra were studied. The results presented are for GaAs devices with holes generated using laser drilling and Schottky contacts made as shown in figure 3 .
Current-voltage measurements
Current-voltage measurements were performed using a Keithley 237 source. The Keithley was controlled by a LabView program. The samples were mounted on a support and connected to the electronics. The samples were then placed in a metal box to provide electrical and light shielding. As the current is temperature dependent, the measurements were carried out in a Hereaus environmental chamber, in order to keep the temperature constant at 20 o C. A voltage step was applied and the current measured after a 10s delay. The characteristic obtained is not symmetric for reverse and forward bias, as shown in figure 4 .a. This could be due to the asymmetric geometry of the cell structure. When the central electrode is forward biased, a reverse biased Schottky barrier will be created on the surrounding electrodes, whereas only the central electrode will support a Schottky barrier when it is reverse biased. The leakage current is relatively low (about 30nA per unit cell at -35V when the detector is fully depleted). The barrier height value of the Schottky contacts created was measured applying a forward bias in the range 0.1-1V. Then, a linear fit was used to extrapolate the value of the barrier height [7] . This was found to be (0.9 ± 0.1) eV, in agreement with the data reported in the literature [8].
X-ray measurements
Some X-ray pulse height spectra were measured with the fabricated detectors. For light and electrical screening the sample was placed in a metal box which had a hole on one side. A variable x-ray source was placed at this hole to irradiate the device. The signal from the detector was read by an Ortec pre-amplifier connected to a post amplifier with a 500ns shaping time. The signal was then processed by a PC-based multichannel analyser to obtain a spectrum. All the measurements were carried out at Fig. 3 . Hexagonal geometry of a 3D detector with a pitch of 85µm. The central electrode is wire bonded to the read out electronics while the surrounding holes are grounded.
room temperature. The results were repeated for several cells created on the same piece of material. Figure 4 .b shows the pulse height spectra of fluorescent x-rays of Am, Mo, Ag, Ba, and Tb. The energies of x-rays emitted by this source are in the range 17keV (Mo) to 60keV (Am). The energy resolution obtained from this measurement was calculated to be about 40% while the detection intrinsic efficiency was of the order of 80%. Both were measured at a bias of -35V. The limiting factor of the resolution measurements may be due to the fact that only one cell was biased while the surrounding cells were left floating. Future work will investigate the behaviour of a full array of hexagonal cells using bump bonding technology to connect each electrode to the read-out electronics.
Conclusions
So far, 3D detectors in GaAs using Schottky contacts have been successfully created and tested. Process steps for the fabrication of 3D radiation detectors with Schottky contacts have been developed and complete detectors made. Laser drilling technique has been used to create holes in gallium arsenide material obtaining holes with an aspect ratio bigger than 30:1. Measurements relating to x-ray spectroscopy have been successfully carried out on the fabricated samples. 
